Method of High-Power Switching and Switch Apparatus 
For Frequency Modulation Within Loran-C Signals 



Field 

The present invention relates to radio pulse communications systems and the like, 
being more particularly concerned with digital signals communicated simultaneously 
wi th and on radio navigation signal pulses as of the Loran-C type and the like, such 
signals being carried by preferably frequency modulation of the signal pulses. 

Background 

Various types of systems have been proposed and used for adding communication 
capability to radio navigation signals as described, for example, in US Patents Nos. 
4,800,341 and 4,821,038 of common assignee herewith, and publications discussed 
therein. 

A significant improvement in expanding the digital bit rate (at least from 70 bps 
to over 250 bps) for communication added to Loran-C radio navigation pulse trains and 
the like also without affecting the navigation capability and integrity thereof is described 
in my earlier copending patent application Serial No. 09/833,022, filed April 11, 2000. 

In this copending application, the Loran-C signal is frequency-modulated by 
tuning or sweeping the high-Q Loran-C antenna frequency between predetermined 
desired frequencies by varying series inductance and series capacitance at the antenna in 
steps, by means of fast, high-power, solid-state switches. 
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The present application discloses a novel solid-state switching methodology and 
apparatus ideally suited for such Loran-C frequency modulation and the like. 

Objects of Invention 

The principal object of the present invention, therefore, is to provide a new and 
improved method of high-power switching for frequency modulating Loran-C signals and 
the like. 

A further object is to provide such that is particularly adapted for expanding the 
digital bit rate for communication added to such signals. 

Other and further objects will be explained hereinafter and are more particularly 
delineated in the appended claims. 

Summary 

In summary, however, the invention embraces frequency modulation switching 
apparatus for rapidly increasing and decreasing the frequency within radio-frequency 
pulses of radio wave pulse trains transmitted by an antenna having series inductance and 
capacitance, the apparatus having, in combination, a solid state four-terminal rectifier 
bridge circuit with opposing pairs of bridge terminals connected with one pair of 
opposing terminals shunting said inductance and said capacitance; and series-connected 
g^urableand Hnear inductors and an SCR switch connected between the other pair of 
opposing terminals of the bridge circuit, whereby the high-speed triggering of the SCR 
on effects corresponding high-speed frequency increasing or decreasing of the frequency 
within the radio-frequency pulse to provide the desired frequency modulation therein 



Preferred and best mode configurations and designs are later detailed. The switch 
turns off at the end of the rf pulse tail when the SCR current drops below the holding 
current. 
Drawings 

The invention will now be described with a reference to the accompanying 
drawings in which Figure 1 presents a circuit diagram of a preferred solid state switching 
apparatus connected across or shunting an inductor which, together with the switch, is 
connected in series with the antenna terminals to effect the above-described frequency 
modulation in accordance with the methodology of the invention; 

Figure 2 presents explanatory current waveforms that would be produced in the 
operation of the switch if series resistance replaced the series-connected saturable and 
line ar inductors of the switc h of Figure 1, as a comparison with the actual voltage and 
current waveforms of Figure 3 that are produced by the inductor switching of Fig. 1; 

Figure 4 is a circuit diagram similar to Figure 1, but with the switch of the 
invention shown shunting a capacitor, again connected in series with the antenna 
terminals; and 

Figure 5 presents the voltage and current waveforms produced in the operation of 
the circuit of Figure 4. 

Preferred Embodiments) of the Invention 

Referring to Figure 1, an inductor L is shown shunting terminals A and B of a 
solid-state bridge switching circuit having terminals A, B 5 C, and D and series-connected 
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with the inductor L with the antenna terminals A' and B'. Thus, when the switch is 
closed the inductor L is shorted and the antenna current frequency is increased by 

where La = the total antenna series inductance, and fA= the nominal antenna current 
frequency. 

The antenna current of the Loran-C radio pulses iA, generates a voltage across the 
pair of opposing terminals A and B of the symmetrical-arm bridge switch. This full wave 
diode bridge (diode amis Dl 5 D2, D3 and D4) rectifies the AC voltage (radio frequency 
co) across the inductor L. This rectified voltage appears across the other pair of opposing 
terminals C and D of the bridge. Between terminals C and D are shown connected in 
series, a saturable inductor, L S i, a linear inductor, Ls2, and a high-speed triggerable 
thyristor, SCR. When the SCR is non-conducting, no current can flow in the switch, 
making 

*S = hi = * D2 = l DS = Id4 = 0 

Thus the switch is open. 

When, however, the SCR is turned on, the full-wave rectified inductor L voltage 
appears across inductors Lsi, and Ls2- If Lsi and Ls2 were two resistors instead of 
inductors, the voltage and current waveforms would be as shown in Figure 2; i A 
representing the antenna current, i scr the current through the SCRi, and ecD , the voltage 
between bridge terminals C and D. To obtain the required switching operation, however, 
the resistance value of such resistors would have to be very low, resulting in very high 
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discR/dt - well above the SCR rating. This turn-on problem of the SCR is discussed in 
US patent 4,230,955 entitled: "Method and Apparatus For Eliminating Priming and 
Carrier Sweep-out Losses in SCR Switching Circuits and the Like". 

With the use of the saturable and linear inductors instead of resistors, however, 
saturable inductor Lsi effectively delays the inrush of the SCR current until most of the 
junction area thereof is turned on. Such use of a saturable inductor as a time-delaying 
switching means has been extensively used in the past to increase the di/dt rating of an 
SCR-this technique being referred to as "priming", as discovered in the above referenced 
patent. Even with such an increase in the di/dt capability, it is far less than is required in 
the apparatus of the present application. By connecting another linear inductor, Ls2, in 
series with Lsi, however, di/dt can be decreased to an acceptable value. 

As an example, if (Lsi) S at + L$2 is made equal to L, the voltage and current 
waveforms shown in Figure 3 are obtained when the SCR is turned on at a time 0 and 
peak antenna current, I A . The antenna current is then split into two components-the 
current through L and the current through the SCR, i C D- In the interval from 0 to t= tc/co, 
eL is negative causing diodes D2 and D3 to conduct. Since the inductance (Lsi) sat + Ls2 
is made equal to L, the voltage across L decreases by a factor of two. At time zero, the 
inductor current is equal to the antenna current Ia. During the time interval from 0 to 
7r/co, the inductor current decreases to zero, and the SCR current, icD, increases from zero 
to Ia, as shown in Figure 3. At time t= 7c/2, the inductor voltage goes from a negative to a 
positive value, causing diode Dl and D4 to conduct. At this time, the antenna current 
starts to decrease in magnitude while the SCR current remains constant. All diodes 
conduct so long as i A < icD and the voltage across the bridge is very small, equal to 
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the voltage drop of the conducting diodes. Thus, the inductor current remains constant at 
a very low value, and the desired switching operation has taken place in less than half-a- 
cycle of the antenna current. The maximum di/dt of the SCR is 



dl SCR 



dt 



= ~ I A co (amps/sec) 



It should be noted from the waveforms, also, that no harmonics have been generated 

during this switching tuning process of the invention, that provides the required tuning 

increase in frequency of the desired frequency modulation. 

To decrease the frequency tuning for the frequency modulation of the invention, 

the antenna series capacitance is increase by shorting out one of the antenna series 

capacitors C, Figure 4. The switch is also connected across this series capacitor C, and 

when the switch is closed at peak antenna current, the voltage and current waveforms are 

i A (0 = I A coscor 

obtained as follows: 

W'i s 



s 2 +<o 2 



EJs)=I A (s)xZ in (s) 
_ j s 1 



s2+G > 2 C S 2 + -L 
LC 



where 



L=L si + L S2 



By making 



aw 

LC 
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results in E c (s) = — I. S * 



C \s 2 + a> 2 ) 2 

and ; : : 2 o)C , 

e c (0 = ^ I A (sinco/ + (Qtcosw) 

' c (0 = C -J t e cW = (2coscof - (otsin(ot) / 

The voltages and currents plotted in Figure 5 are obtained, when the SCR is turned on at 
time zero, the currents iA and ic are equal such that 

<»=<»=/,. 



The initial current in the diode bridge, i c a(0), and the initial voltage on the capacitor C are 
both zero. Following the SCR turn-on, the voltage ec(t) rises sinusoidally to a peak value 
at time 

CO 

and then returns to zero at time 

116 



CO 



This positive voltage wave generates the diode bridge current 



i CD {t) = ^I A ®t$m<zt 



At time 
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the diode bridge current reaches a maximum of 



For t>t 2 

i c (0 = o 

The diode bridge conducts until the antenna current i A (t) exceeds the diode bridge 
current ico(t). This event occurs at time 



'3 = 



176 



00 



At this time, the diode currents 

/ d/( / 3 ) =z w( / 3) =0 

Thus, for t>t3, the diodes Dl and D4 stop conducting and a voltage is generated across 
L S i and L S2 . 
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However, the diodes selected for the bridge in accordance with the invention are slow, 
general purpose rectifiers. The minority carrier recombination time is long compared to 
5fJ sec, so that almost all minority carriers in the diode junction must be swept out by the 
reverse diode current. Thus, the SCR current can be considerably less than the peak 
antenna current and still the switch performs the desired switching operation for the 
phases of the invention. The switching time is less than half-a-cycle of the antenna 
current. The maximum di/dt of the SCR is then 

(■ ^ CR ) = .32 I A co [amps/sec] 

max 

Thus, the technique and circuits of the invention have provided an effective 
switching of frequency by the above-described varying of the series inductance L and of 
the series capacitance C at the antenna in steps by the use of fast, high power solid state 
bridge switching of the invention, achieving the frequency modulation of the Loran-C 
radio pulses fed to the antenna between desired frequencies. 

While described in connection with its important Loran-C application, the 
invention is also useful for adding communication to other radio-transmitting systems 
and further modifications will also occur to those skilled in the art, such being considered 
to fall within the spirit and scope of the invention as defined in the appended claims. 



